Anisotropic displacement parameters (ADPs) are commonly used in crystallography, chemistry and related fields to describe and quantify thermal motion of atoms. Within the very recent years, these ADPs have become predictable by lattice dynamics in combination with first-principles theory. Here, we study four very different molecular crystals, namely urea, bromomalonic aldehyde, pentachloropyridine, and naphthalene, by first-principles theory to assess the quality of ADPs calculated in the quasi-harmonic approximation. In addition, we predict both thermal expansion and thermal motion within the quasi-harmonic approximation and compare the predictions with experimental data. Very reliable ADPs are calculated within the quasiharmonic approximation for all four cases up to at least 200 K, and they turn out to be in better agreement with experiment than the harmonic ones. In one particular case, ADPs can even reliably be predicted up to room temperature. Our results also hint at the importance of normalmode anharmonicity in the calculation of ADPs.
I. INTRODUCTION
Thermal motion of atoms is a property of widespread interest both in the physical and chemical communities. [1] [2] [3] [4] [5] [6] In crystallographic studies, such atomic thermal motion is typically quantified by anisotropic displacement parameters (ADPs) and should be considered to arrive at reliable crystal structures. X-ray diffraction, by far the most popular diffraction technique, determines the distribution of electron density. Even in the absence of systematic errors such as absorption, thermal motion is not the only reason for "smearing out" electron density in real space, and ADP refinement has served to nicely lower the residual values by introducing plenty of additional parameters in the first place. Other unwanted effects such as atomic disorder may somehow pop up from fairly anisotropic thermal ellipsoids, the "ORTEP cigar" or "ORTEP saucer" scenarios -which immediately questions the available structural model. Nonetheless, given a constantly increasing overall quality of X-ray and also neutron diffraction intensities, there is a lot of scientific data to be extracted from properly refined ADPs. At the same time, first-principles quantum theory allows for an independent perspective because calculating ADPs without prior information has become possible.
In recent work, such first-principles ADPs have been computed for a wide range of materials: metal carbides, 7 cryolite, 4 layered chalcogenides, 8 diamond, 9 metal-organic frameworks, 10 organometallic compounds, 11 and molecular crystals. 5, [11] [12] [13] [14] Thus far, the ADP calculations have mostly been done by lattice dynamics in the harmonic approximation; first-principles thermal expansion has only been considered in the ADP computation for one prototypical dispersiondominated compound, namely α-sulfur. 11 For the latter molecular crystal, including thermal expansion by using a quasi-harmonic approximation improved the ADP calculation up to 200 K when a suitable dispersion-corrected DFT method was applied. In addition, lattice-dynamics calculations have enabled new refinement strategies for diffraction data in the recent years. 15, 16 In this work, we now study four very different molecular crystals in terms of their intermolecular interactions: urea CH4N2O 1 , [17] [18] [19] bromomalonic aldehyde BrC3H3O2 2, [20] [21] [22] [23] pentachloropyridine C5Cl5N 3, 13, 24 and naphthalene C10H8 4. 25 This should provide us with a deeper insight in how thermal expansion influences the ADP calculation for a selected diversity of molecular crystals. Moreover, we check the influence of normal-mode anharmonicity on ADPs of urea and naphthalene calculated at the Γ-point. Scheme 1. To start with, urea crystallizes in the tetragonal space group 4 2 ( Figure 1a ). [17] [18] [19] All atoms occupy special positions, with O and C in Wyckoff position 2c and N and H in 4e, hence each molecule displays crystallographic symmetry. Strong N−H···O hydrogen bonds connect neighboring molecules. Earlier reports on lattice-dynamics calculations in the framework of DFT treated urea's thermal ellipsoids in the harmonic approximation 12, 14 and its thermal expansion in the quasi-harmonic approximation. 26 Nonetheless, no calculations of thermal ellipsoids for urea within the quasi-harmonic approximation have been communicated. Studies on urea's charge density and the experimental analysis of its thermal motion suggest that some atoms do show contributions beyond simple harmonic thermal motion, even at 123 K. 27 Bromomalonic aldehyde adopts the orthorhombic space group The crystal structures were visualized with Mercury 29 and the displacement ellipsoids are shown at the 90% probability level.
We have already conducted a computational analysis of the intermolecular interactions in bromomalonic aldehyde by applying an energetic partitioning scheme, and we have compared these results to single-crystal diffraction experiments at high resolution. In addition, we have been able to correlate the different interaction types with experimental data for the strongly anisotropic thermal expansion of this layered structure. 20 Pentachloropyridine shows dimorphism.
13, 24
Here we only discuss the monoclinic polymorph because crystals of high quality and thus high-quality ADPs could only be obtained for this very polymorph. 13 It is monoclinic and crystallizes in space group Pc where all atoms sit on general positions (see Figure 1c) . Moreover, neighboring molecules form an N···Cl halogen bond -the only intermolecular interaction shorter than the sum of the van-der-Waals radii in this compound. We have already predicted ADPs at several levels of theory within the harmonic approximation for this solid. 13 Their agreement with experiment was sufficient up to 150 K.
Finally, naphthalene adopts the most common space group for molecular crystals, 2 /
25
( Fig. 1d ) in which the aromatic molecules sit on a crystallographic inversion center. In contrast to the aforementioned three crystals, the naphthalene crystal is mainly held together by van-der-Waals interactions. 30 Its thermal expansion and the thermal motion of its atoms are very well investigated. 1, 25, [30] [31] [32] [33] [34] [35] 
II. THEORY
For all phonon calculations and structural optimizations, the forces were calculated using dispersion-corrected DFT as implemented in VASP, [36] [37] [38] with strict convergence criteria of ΔE < 10 −7 (10 −5 ) eV per cell for electronic (structural) optimizations, respectively. Moreover, we used the projector augmented-wave 39, 40 method with a plane wave cutoff of 500 eV and the following functionals with dispersion-corrections: the Perdew-Burke-Ernzerhof (PBE) functional augmented by the "D3" correction of Grimme and co-workers together with Becke-Johnson damping, denoted PBE+D3(BJ) in the following. [41] [42] [43] Besides the traditional damping parameters as fitted by Grimme and co-workers (s6 = 1.00, s8 = 0.787500, α1 = 0.428900, α2 = 4.440700), we also used those by Sherrill et al. 44 (s6 = 1.00, s8 = 0.358940, α1 = 0.012092, α2 = 5.938951); we denote this method PBE+D3M(BJ). The latter is more reliable for dispersiondominated organic complexes 44 and it is therefore expected to be also more reliable for molecular crystals dominated by dispersion interactions.
For the phonon calculations, we calculated harmonic vibrational frequencies and normalized phonon eigenvectors by using the finite displacement method as implemented in Phonopy with a displacement of 0.01 Å. 45, 46 To do so, we used 3×3×4 supercells for urea, 3×2×3 supercells for bromomalonic aldehyde, 4×4×2 supercells for pentachloropyridine and 2×3×2 supercells for naphthalene; all calculations were performed at the Γ-point. Afterwards, vibrational frequencies and eigenvectors were used to compute the vibrational part of the Helmholtz free energy Avib and also to calculate the mean-square displacement matrices as implemented in Phonopy. 12, 45, 46 We also checked the influence of the supercell size on the calculated ADPs (see Supplemental Material).
To predict thermal expansion, we applied the quasi-harmonic approximation, as also implemented in Phonopy. [45] [46] [47] In doing so, we started with the energetically fully optimized structure at the ground-state volume (V0 
Fitting the Vinet equation of state 48 to A(V;T) and minimizing the resulting equation of state A'(V;T) at each temperature gave the optimal volume at the different temperatures:
To determine lattice parameters corresponding to each of the volumes, we used VASP to relax the structures in order to minimize the energy under the constraint of constant volumes , as described in previous work.
11
This results in the evaluation of the following equation for a monoclinic crystal system:
, , , , subject to abc sin
, , , represents the DFT energy. This implies that the derived lattice parameters minimize the DFT energy and not the free energy for a given volume . Such approximations to describe the evolution of the lattice parameters are very common in the quasi-harmonic approximation applied to crystals with non-cubic crystal systems; they result in good agreement with thermodynamic data and are thus justified. 26, [49] [50] [51] In contrast, a correct minimization of , , , is computationally extremely demanding.
Next, we calculated mean-square displacement matrices at the expanded volumes and groundstate volumes. During this calculation frequencies lower than 0.10 THz were cut off for urea, naphthalene and bromomalonic aldehyde and lower than 0.13 THz for pentachloropyridine such as to reduce computational noise as described in previous work.
13
The mean-square displacement matrices were afterwards transformed into anisotropic displacement tensors and the Cartesian coordinate system was changed back to the crystal coordinate system.
13, 52
Also, we computed their main-axis components U1, U2, and U3 which were used to calculate the equivalent isotropic displacement parameter Ueq, a value comparable to the isotropic displacement parameter Uiso:
This was conducted by a custom-written program 13, 53 based on the formulas in Ref. 52 .
To check for further anharmonicity, we used a frozen-phonon ansatz for urea and naphthalene at the Γ-point, equivalent to a non-interacting phonons scenario. We displaced the atoms along : at an absolute total displacement , ∑ , =1 along a phonon mode with , as a displacement of an atom k , the effective mass of the phonon mode j is defined as follows:
, is connected to the normal-mode coordinate as described in the following equation:
, , .
The 1D-Schrödinger equation is solved by using the procedure described in 55, a method based on representing the momentum and the position operator in a discrete matrix by utilizing the normalized eigenstates of a harmonic oscillator. Thus, the size of these discrete matrices must be converged. The ADPs based on this frozen-phonon method were then calculated as described in ref. 4 (equations 18 to 22 therein). Such frozen-phonon approaches would also enable us to treat soft modes in the ADP calculation. 4, 56 Further details on this frozen-phonon approach can be found in the supplement. Fortunately, data from vibrational spectroscopy for urea and from inelastic neutron diffraction for naphthalene at low temperature are available.
III. EXPERIMENT

60, 61
Thus, we may compare the vibrational frequencies calculated at the ground-state volume and in the harmonic approximation to the experimental data ( Fig. 2 and Fig. 3 ). Both methods are in very good agreement with experiment but PBE+D3M(BJ) overestimates the frequencies of naphthalene slightly more than PBE+D3(BJ). However, we note that we only compare the ground states here.
For bromomalonic aldehyde and monoclinic pentachloropyridine, no vibrational data are available up to now. However, we include the vibrational frequencies and their irreducible represen-tation at the Г-point for all four compounds in the Supplementary Material. Moreover, we analyze the contributions of each atom to each vibrational state at the Г-point closely so that future vibrational spectroscopy data may be understood more easily. 62, 63 For X-ray diffraction data, we did not include the hydrogen atoms in the RMS calculation.
Expt. (12 K *RMS value is relative to the experimental 100 K structure (this work). The ground-state volume of PBE+D3M(BJ) is roughly 1% smaller than that of PBE+D3(BJ). The zero-point energy has not been considered.
B. Thermal Expansion
We now turn to temperature-dependent volumes from the quasi-harmonic approximation and compare them to experimentally derived ones (Fig. 4 ).
As before, let us start with urea. Both DFT methods provide nearly the same volumes and overestimate the volume V slighly (ΔV < 2 % at 150 K; Figure 4 ). As a side note, the densities of phonon states show small contributions of imaginary modes (up to 1.4% of the all vibrational states), in particular for volumes smaller than the equilibrium volume. Urea is known for several high-pressure polymorphs; 67 this finding might not only allude to these high-pressure structural alternatives, it might also show up by a slightly worse quality of the quasi-harmonic approximation for urea. However, this influence of small traces of soft modes is usually very low. 68 For naphthalene, both methods also lead to slightly larger volumes than the experimental ones, especially at higher temperatures. PBE+D3M(BJ) generates volumes in slightly better agreement with experiment.
The performance of both DFT methods differs strongly for both bromomalonic aldehyde and pentachloropyridine. Here, PBE+D3M(BJ) is clearly superior to PBE+D3(BJ) (bromomalonic aldehyde: ΔV(250 K) = 2.2% vs. 5.5%; pentachloropyridine: ΔV(300 K) = 2.9% vs. 7.9% ). As before, the volumes at higher temperatures are in less satisfactory agreement with experiment.
All slopes of the volume-temperature curves are significantly overestimated (Table 2 ). For pentachloropyridine, naphthalene and bromomalonic aldehyde, the relative overestimation of the experimental slopes is slightly lower (30−40%) than for urea (65%). Moreover, the absolute overestimation is most pronounced for naphthalene. Again, PBE+D3M(BJ) is clearly superior for pentachloropyridine and bromomalonic aldehyde. This might be explainable by the larger and also different training that was used to fit the damping parameters of the D3M(BJ) method in comparison to the D3(BJ) method. [42] [43] [44] Note that the D3M(BJ) training set includes many more data points originating from organic halides and halogen complexes than the D3(BJ) training set.
In the case of bromomalonic aldehyde, we also look at the anisotropic thermal expansion ( Figure 5 and Table 3 ) in order to investigate direction-and bond-character dependence. Both methods are able to reproduce the qualitative differences in the thermal expansion of the lattice parameters. Along a, the molecules are connected by electrostatic and dispersion interactions and, therefore, the lattice expansion is largest. Along b, the molecules are connected by weak hydrogen bonds and halogen bonds, so that thermal expansion is smaller. Unfortunately, this strong difference between the a and b directions is not very well described by theory; the theoretical slopes of the a-and b-resolved temperature curves are very similar, in strong contrast to the experimental ones. Along c, resonance-assisted hydrogen bonds connect the molecules, so the thermal expansion along c is therefore nearly zero; accordingly, the theoretical value is also lower but still overestimates the effect. As for the volume expansion, PBE+D3M(BJ) shows better agreement with the experimental anisotropic thermal expansion than PBE+D3(BJ).
Moreover, both methods are at least in qualitative agreement with experiment.
Summing up, the thermal expansion is overestimated by the quasi-harmonic approximation for all systems. We have seen this for α-sulfur as well and assume that this effect originates partly from additional anharmonicity. 11, 69, 70 For all further evaluations, we continue at the PBE+D3M(BJ) level because it agrees better with experiment for pentachloropyridine and bromomalonic aldehyde. Δb/ΔT (Å/K) (3.77±0.12)×10 
C. ADPs at expanded volumes
Next, let us calculate ADPs in both the harmonic and quasi-harmonic approximation for all four systems.
We start by assessing the ADPs calculated for urea at 12, 60 and 123 K (Figure 6 ). At 12 and 60 K, the results from the quasi-harmonic approximation are in slightly better agreement with experiment than those from the harmonic approximation. At 123 K, this tendency changes; the quasi-harmonic approximation overestimates the experimental ADPs slightly. This originates mainly from the overestimation of the ADP of the nitrogen atoms both in the harmonic and the quasi-harmonic approximation, and it may go back to the anharmonicity mainly originating from the hydrogen bonds. We will come back to this assumption by performing frozen-phonon calculations including anharmonicity at the Γ-point, see below.
For bromomalonic aldehyde and pentachloropyridine, the quasi-harmonic ADPs are clearly in better agreement with experiment than the harmonic ones. In some cases, they even fit perfectly to the experimental values. For the two cases of bromomalonic aldehyde and pentachloropyridine, there is an obvious correlation between the good agreement with the experimental volume expansion and good ADPs. (H) vs. 1.32 (C) ). This correlates with the fact that the C-ADPs depend more strongly on low phonon frequencies than the H-ADPs do. Fortunately, especially the estimated H-ADPs are very much needed to complement X-ray diffraction because they cannot be determined by Xray diffraction and the independent atom model. 71 For organometallic compounds, we have already seen that ligand atoms can be determined with higher confidence than the heavier metal atoms by theory.
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As demonstrated by Capelli et al., 28 ADPs from neutron diffraction include anharmonicity so that the neglect of anharmonicity could play a role in the case of naphthalene. We will test this influence below. In addition, the level of theory could also have deficiencies in describing geometries far away from the equilibrium structure, 44 while the dispersion correction does not include many-body effects which influence naphthalene's lattice energy.
72 Figure 6 . ADPs calculated in the harmonic (harm) and quasi-harmonic approximation (qha) compared to experimental ADPs for urea from neutron diffraction, 17 for bromomalonic aldehyde from X-ray diffraction (this work), for pentachloropyridine from X-ray diffraction 13 and for naphthalene from neutron diffraction. 25 In the case of bromomalonic aldehyde, no H-ADPs are compared. The atom types are symbolized by ◇ for N, ▽ for H, ◯ for O, □ for C, for Br and ⬠ for Cl.
D. Normal-Mode Anharmonicity and Anisotropic Displacement Parameters
We now turn to the normal-mode anharmonicity of urea and naphthalene and its effect on the calculated ADPs. To save computing time, we only calculated ADPs based on the frequencies at the Γ-point.
Urea will once again serve as the starting case. As depicted in Fig. 7 , the quasi-harmonic approximation overestimates the largest main-axis components of N and H more strongly than all other main-axis components. We assess the normal-mode anharmonicity at the 123 K-volume evaluated with the quasi-harmonic approximation.
The most important phonon modes for calculating urea's ADPs at the Γ-point are the two lowest optical phonon modes; they are responsible for nearly 66% of the ADP of N at Γ. As already seen in the evaluation of experimental neutron diffraction data, anharmonicity should clearly influence the size of the ADPs of N and H. 17 The calculated ADPs including and excluding mode anharmonicity of urea at the Γ-point are compared in Figure 7 . As expected, ADPs of N and H become smaller if anharmonicity is included; the ADPs of C and O are nearly not influenced. Mostly the anharmonicity of the lowest optical modes are responsible for the smaller ADPs. As said before, for N, the two lowest optical modes are very important; thus, small changes of these oscillators due to anharmonicity can have a huge impact on the overall ADP.
For H, the lowest optical modes are still important but amount to only 30% and 15% of the overall ADP in the quasi-harmonic approximation. In Table 4 , we first compare the (quasi-)harmonic frequencies of the two lowest optical phonon modes from the finite-displacement method and the frozen-phonon method; they are in very good agreement. Moreover, the fundamental anharmonic frequencies are also given; they grow quite drastically in comparison to the harmonic ones such that the main axes of the ADPs become smaller. The frequencies of the N−H stretch vibrations are also given in Table 5 , the frequencies of all other modes are given in the Supplement. We may thus state that the overestimation of urea's ADPs by the quasi-harmonic approximation at 123 K can be partly attributed to the neglect of mode anharmonicity of the lowest phonon modes. In contrast, the slightly better agreement of the harmonic approximation originates from error compensation (neglect of volume expansion and neglect of further anharmonicity).
For napthalene, the influence of the normal-mode anharmonicity on the ADPs at the 150 Kvolume evaluated with the quasi-harmonic approximation is depicted in Figure 7 . Even at 150 K, the quasi-harmonic approximation overestimates the ADPs. Considering normal-mode anharmonicity at the Γ-point, however, lowers the size of the ADPs. Therefore, the overestimation of the ADPs by the quasi-harmonic approximation can also be partly attributed to the neglect of this anharmonicity. In contrast to urea, nearly all atoms are affected by the normal-mode anharmonicity.
Mode anharmonicity should also play a role in thermal expansion. Unfortunately, one would have to calculate the anharmonic free energy at several volumes to estimate the influence on the thermal expansion. As one can already guess from the poor quality of ADPs only calculated at the Γ-point, the anharmonic free energy calculated at the Γ-point would also be insufficient to calculate the thermal expansion.
In sum, performing such frozen-phonon computations at the Γ-point enables one to assess the importance of normal-mode anharmonicity for ADP computations of specific compounds. To arrive at anharmonic ADPs in good agreement with experiment, however, one would have to perform the frozen-phonon calculation with supercells to sample more points in the reciprocal space. One might be able to speed up these calculations by only treating the most relevant part, namely the anharmonicity of lower lying phonon modes because their contributions dominate the ADPs. Whether reliable ADPs up to room temperature can be calculated obviously depends on the system. Up to 200 K, which we consider a relevant temperature range for the investigation of a variety of molecular crystals, see Figure 8 , predicted ADPs in the quasi-harmonic approximation for very different molecular crystals have shown to be consistently good. For this lowtemperature range, the less demanding harmonic approximation yields slightly inferior but still satisfactory results. In order to address effects at room temperature, both the DFT level of theory and the description of anharmonicity should be improved. . Up to this temperature, even the harmonic approximation seems to be reasonable. We have already demonstrated that the ADP calculation in this temperature regime is reliable for pentachloropyridine at several levels of theory. 13 The atom types are symbolized by ◇ for N, ▽ for H, ◯ for O, □ for C, for Br and ⬠ for Cl.
VI. SUPPLEMENTARY MATERIAL
Experimental data on the single-crystal diffraction of bromomalonic aldehyde, additional theoretical details on the density-functional, phonon and ADP calculations.
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The Table S2 . Atomic coordinates for bromomalonic aldehyde X y z Br (1) .5000 .40465 (2) .54829(3) O (1) .5000 .14233 (12) .77538(17) O (2) .5000 .30282 (11) .08673(16) C (1) .5000 .13756 (13) .58267(18) C (2) .5000 .24171 (11) .44204(17) C (3) .5000 .21702 (12) .23386(18) H (2) .5000 .2678 −.0309 H (1) .5000 .0570
.5212 H (3) .5000 .1322 .1914 Table S3 . Bond lengths (in Å) and angles (°) for bromomalonic aldehyde Br ( (1) 116.8 C(3)−C(2)−C (1) 117.51(11) C(3)−C(2)−Br (1) 122.48(9) C(1)−C(2)−Br (1) 120.00
117.8 Table S4 . Anisotropic displacement parameters for bromomalonic aldehyde. The anisotropic displacement factor exponent takes the form:
.02125 (5) .01281 (4) .01279(4) −.00187(5) 0 0 O (1) .0264 (5) .0187 (4) .0108 (3) .0014(3) 0 0 O (2) .0239 (5) .0182 (3) .0104 (3) .0013(2) 0 0 C (1) .0226 (5) .0147 (4) .0113 (4) .0005(2) 0 0 C (2) .0186 (5) .0134 (3) .0099 (3) .0001(2) 0 0 C (3) .0191 (5) .0150 (3) .0101(3) −.0007(3) 0 0
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DFT calculations
k-point-convergence of total energies (ground state) 
S7
Influence of the supercell size on the ADPs
We checked the influence of the supercell size on the ADPs calculated in the harmonic approximation at the PBE+D3M(BJ) level of theory. The q-point meshes were at least as large as mentioned in the last section. Figure S1 . Influence of the supercell size on the calculated ADPs for urea in the harmonic approximation and at the PBE+D3M(BJ) level of theory. All calculations shown in the main text were performed with the 3×3×4 supercell of the conventional cell. Performing all our calculations with the 4×4×5 supercell is computationally not feasible. Figure S2 . Influence of the supercell size on the calculated ADPs for naphthalene in the harmonic approximation and at the PBE+D3M(BJ) level of theory. All calculations shown in the main text were performed with the 2×3×2 supercell of the conventional cell. Performing all our calculations with the 3×4×3 supercell is computationally not feasible. Figure S3 . Influence of the supercell size on the calculated ADPs for pentachloropyridine in the harmonic approximation and at the PBE+D3M(BJ) level of theory. All calculations shown in the main text were performed with the 4×4×2 supercell of the conventional cell. Performing all our calculations with the 5×5×2 supercell is computationally not feasible. Figure S4 . Influence of the supercell size on the calculated ADPs for bromomalonic aldehyde in the harmonic approximation and at the PBE+D3M(BJ) level of theory. All calculations shown in the main text were performed with the 3×2×3 supercell of the conventional cell. Performing all our calculations with the 4×3×4 supercell is computationally not feasible.
S9
Thermal Expansion Urea   Table S7 . Temperature-dependent volumes per Formula unit V/Z for urea from the quasi-harmonic approximation at two levels of theory. The temperatures at which we calculated ADPs are marked by a bold font. Table S8 . Temperature-dependent lattice parameters for urea from the quasi-harmonic approximation at two levels of theory. The temperatures at which we calculated ADPs are marked by a bold font. Table S9 . Temperature-dependent volumes per formula unit V/Z for bromomalonic aldehyde from the quasiharmonic approximation at two levels of theory. The temperatures at which we calculated ADPs are marked by a bold font. Table S10 . Temperature-dependent lattice parameters for bromomalonic aldehyde from the quasi-harmonic approximation at two levels of theory. The temperatures at which we calculated ADPs are marked by a bold font. Table S11 . Temperature-dependent volumes per formula unit V/Z for pentachloropyridine from the quasiharmonic approximation at two levels of theory. The temperatures at which we calculated ADPs are marked by a bold font. Table S12 . Temperature-dependent lattice parameters for pentachloropyridine from the quasi-harmonic approximation at two levels of theory. The temperatures at which we calculated ADPs are marked by a bold font. Table S14 . Temperature-dependent lattice parameters for naphthalene from the quasi-harmonic approximation at two levels of theory. The temperatures at which we calculated ADPs are marked by a bold font. 
